The low-frequency Raman spectra of dioxane aqueous solutions have been analyzed from a dynamical aspect of water structure. The reduced Raman spectra Љ() of the dioxane aqueous solutions are well explained by a superposition of three characteristic modes of water and one Gaussian mode ͑ϳ60 cm Ϫ1 ͒ of dioxane. The concentration dependence of Љ() spectra shows that the 190 cm Ϫ1 mode of water disappears below about 0.8 molar fraction of water. This molar fraction corresponds to the ratio of four water molecules to one dioxane molecule. This means that the tetrahedral-like structure of water which is formed by five water molecules is almost destroyed below about 0.8 molar fraction. Thus the basic idea of the five water molecules model of liquid water has been confirmed from Raman spectroscopic point of view.
I. INTRODUCTION
There have been many investigations on liquid water by various spectroscopic experiments. 1 The most impressive result of them was carried out by x-ray diffraction study. 2 The result indicates that in liquid water the average numbers of nearest neighbor oxygen atoms were 4.4 for each oxygen atom. This means that the average structure of water can be considered as a tetrahedrally coordinated pentamer which is formed by about five water molecules through the hydrogen bonds.
It must be noted that the dynamical structure of liquid water is also very important as well as the static average structure, because the hydrogen bonds between water molecules are not permanent and the hydrogen bonds are continuously created and destroyed. However the details of dynamical structure of liquid water are not still fully understood.
Raman spectroscopy has been usually employed to investigate the dynamical structure of water and aqueous solutions for a long time. In the high-frequency spectral region above 300 cm
Ϫ1
, intramolecular vibration spectra of water molecule are measured and these spectra are analyzed and discussed by many researchers. [3] [4] [5] [6] [7] [8] On the other hand in the low-frequency region intermolecular vibration bands which are due to the interaction between water molecules through the hydrogen bonds are observed. 5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In this low-frequency region there appear a stretching-like band around 190 cm Ϫ1 ͑S band͒ and a bending-like band around 70 cm Ϫ1 ͑B band͒ among water molecules based on a five-molecules cluster model. 5, 19 The spectral profiles of these modes in aqueous solutions have been widely reported. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Recently it has been found that besides the above two broad bands one relaxation mode appears as a central component below 50 cm
. 9, [16] [17] [18] [19] [20] 23 This relaxation mode is due to the creation and annihilation process of hydrogen bond among water clusters.
In the present work based on the tetrahedrally coordinated pentamer structure in liquid water, depolarized Raman spectra below 250 cm Ϫ1 in the aqueous solution of dioxane were measured and analyzed to clarify the dynamical structure of water.
Since dioxane molecules cannot make the hydrogen bond with themselves, liquid dioxane does not make large clusters with neighboring dioxane molecules. In addition, dioxane molecules can be mixed with water uniformly and are considered to break the water pentamer structure. Accordingly, to investigate the dynamical structure of liquid water it is effective to choose this dioxane aqueous solution.
II. EXPERIMENT
The specimen is the 1,4 dioxane which was purchased from Wako Pure Chemical Industries, Co. Ltd. The aqueous solution was prepared by mixing the dioxane and de-ionized distilled water. To remove fine dust, the dioxane aqueous solution was filtered with 0.2 m Millipore filters before it was contained in a 1ϫ1ϫ4 cm 3 fused silica cell. Raman scattering spectra were obtained by a four-slit double-grating spectrometer ͑Jobin-Yvon HG-2000M͒. The exciting light source was a NEC Ar-ion laser operating at 488 nm with a power from 100 to 300 mW. An apparent local heating due to the laser light was not observed. A rightangle-scattering geometry is always adopted in the present light-scattering experiments. The depolarized Raman spectra were measured with the configuration of X(VH)Y , where the XY plane is horizontal and X denotes the direction of incident light and Y denotes the direction of scattered light. The typical spectral resolution was 1.5 cm Ϫ1 for the spectral region from Ϫ50 to 50 cm Ϫ1 and 4.0 cm Ϫ1 for the spectral region from Ϫ250 to 250 cm photon-counting electronics. All spectra were recorded at 20.0°C͑293 K͒. The accuracy of temperature control is within Ϯ0.1°C. Figure 1 shows low-frequency X(VH)Y depolarized Raman spectra I() of distilled water, dioxane, and dioxane aqueous solutions as a function of concentration in the frequency region from Ϫ250 to 250 cm
III. RESULTS AND ANALYSIS

Ϫ1
. Because of rapid increasing of central component, it is not easy to analyze the low-frequency Raman spectrum directly. To obtain the spectral profile of low-frequency Raman spectra more clearly, the reduced form of spectral intensity is often used. [19] [20] [21] [22] 34, 35 In the present paper we refers to a slightly different reduced form of spectral intensity, that is, the imaginary part of dynamical susceptibility Љ() which is obtained from Raman spectral intensity I() dividing by Bose thermal factor. The Љ() is given by
where n()ϭ͓exp(hc/kT)Ϫ1] Ϫ1 ; T represents the absolute temperature, and c is the light velocity. The (ϭ/c) is the Raman frequency shift which is denoted by cm
, and the i ͑in cm Ϫ1 ͒ is the frequency of incident laser light. The K is the instrumental constant. The frequency region of Ͼ0 corresponds to Stokes component and that of Ͻ0 corresponds to anti-Stokes component. The ( i -)
Ϫ4 represents a correction of scattering efficiency.
Using Eq. ͑1͒ we can reduce the measured Raman spectra I() into Љ() spectra. Figure 2 shows the obtained Љ() spectra of dioxane aqueous solutions as a function of concentration. These spectra are derived from X(VH)Y Raman spectral intensity I() in the frequency region from Ϫ250 to 250 cm
. The solid curves are the fitting spectra discussed later. It is remarkable that the broad 190 cm Ϫ1 peak disappears from the spectral profiles below 0.68 molar fraction of water in dioxane aqueous solution.
In the case of liquid water we referred to one Debye-type relaxation mode and two damped harmonic oscillator modes to explain the low-frequency Raman profile. 23 On the other hand in dioxane aqueous solutions besides the above three characteristic modes an additional Gaussian mode is needed to explain the spectral profile of the imaginary part of the dynamical susceptibility Љ(). With increasing dioxane concentration the central component below 10 cm Ϫ1 becomes gradually strong. This central component may include both the dynamical relaxation component and the elastic scattering component. Since two components cannot be distinguished clearly in the present experiments, both contributions are approximated by one modified Debye relaxation form. This modified Debye relaxation form improves a high-frequency response 36 which is especially effective for dioxane aqueous solution in the frequency region above about 100 cm
. Because the highfrequency tail of a simple Debye-type relaxation form excess the observed spectral response.
Strictly speaking it is well known that a simple Debye form must be basically broken down in the higher frequency region compared with the characteristic relaxation time. The imaginary part of the complex susceptibility of the dioxane aqueous solution system is represented as
where the first term is a modified Debye relaxation form, the second term is an additional Gaussian mode of dioxane, and the third and fourth terms are two damped harmonic oscillators of water. The g 1 ͑in cm
͒ corresponds to the spectral half width of Debye-type relaxation mode and g 0 ͑in cm Ϫ1 ͒ is the high frequency cutoff frequency. In the present analysis we put g 0 Ϸ100 cm Using Eq. ͑2͒, the reduced Raman spectrum Љ() was fitted by a nonlinear least-squares method. In the present fitting procedure, we fitted Ϯ250 cm Ϫ1 spectra to determine the above parameters. The best fitted Љ() spectra are shown by solid curves in Fig. 2 . Figure 3 shows a typical reduced spectrum Љ() of 0.95 molar fraction and each component of the best fitted curve. We can see one modified Debye-type relaxation mode ͑the central component͒, two damped oscillator modes, and one additional Gaussian mode. Figure 4 shows the concentration dependence of the characteristic frequencies ( 2 , 3 ) and their damping constants (g 2 ,g 3 ). The 3 Figure 5 shows the concentration dependence of the center frequency G and its variance of the Gaussian mode. In pure water ͑molar fractionϭ1.0͒ there is no Gaussian mode. We can see that the G has a maximum value and the has a minimum value at around 0.8 molar fraction.
IV. DISCUSSION
We have analyzed the low-frequency Љ() spectra of dioxane aqueous solutions as a superposition of the modified Debye relaxation form which has a high-frequency cutoff, 36 two damped harmonic oscillator modes and additional one Gaussian mode ͑ϳ60 cm Ϫ1 ͒ of dioxane. By using this modified Debye form, the spectral fitting of higher frequency tail of Љ() is much improved.
From Fig. 4 the most significant result is that the damping constant of S-band ͑ϳ190 cm Ϫ1 ͒ g 3 diverges around 0.8 molar fraction with increasing concentration of dioxane. The characteristic frequency 3 also rapidly increases around 0.8 molar fraction with increasing concentration of dioxane. However, this behavior of 3 is not so definite compared with the divergence of damping constant g 3 because the spectral profile becomes so broad on S band that the characteristic frequency has some ambiguities at the large damping constant.
Since 0.8 molar fraction means that the mole ratio of water against dioxane is 4:1, the pentamer structure of water which is formed by five water molecules is almost destroyed at 0.8 molar fraction if the dioxane and water are uniformly mixing. Thus, from Raman spectroscopic point of view, the above result indicates the basic idea that the S band is a characteristic mode of the pentamer structure of water and this mode characterizes the dynamical structure of water. From Fig. 5 one can see that the mode parameters of Gaussian mode also show significant behavior at 0.8 molar fraction. However, at this stage we cannot assign the origin of this Gaussian mode of dioxane. One important point is that this dioxane mode cannot be fitted by an ordinary damped harmonic oscillator form. Thus the Gaussian form is essential to fit the spectral profile of this dioxane mode.
From the dielectric relaxation measurement of dioxane aqueous solutions, 37 the relaxation strength which is normalized by water concentration rapidly decreases with decreasing water concentration above 0.83ϳ0.80 molar fraction and shows almost constant below 0.80 molar fraction. The normalized relaxation strength is proportional to the amount of dipole moment of water clusters. This result means that in the dioxane aqueous solution the water clusters are destroyed below 0.83ϳ0.80 molar fraction. The 0.83 and 0.80 molar fraction correspond to 5:1 and 4:1 mole ratio of water against dioxane, respectively. Thus the dipole moment in distilled water is due to the cluster of six or five water molecules.
In ice Ih structure the hexagonal structure of six water molecules and the tetrahedral structure of five water molecules can coexist. In liquid water there can exist a certain temporal structure like ice in short time by hydrogen bond among water molecules. 5, 19 Therefore the present Raman result and the above dielectric relaxation result are consistent with the idea that the dynamical structure of liquid water is temporal tetrahedral structure of five water molecules in short time.
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